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I.  Introduction 

In  the  first  two  reports  we  have  shown,  that  the  oxidation 
parameters  determine  the  atomic  roughness  at  the  Si/Si02 
interface.  We  have  developed  a  new  method  enabling  us  for 
measuring  the  atomic  roughness  on  an  atomic  scale  at  the 
interface.  Now  it  is  for  the  first  time  possible  to  produce 
devices  with  a  well  defined  roughness  at  the  interface  for  a 
direct  comparison  of  structural  and  electronic  properties  of 
devices . 

The  carrier  mobility  in  MOS  inversion-layers  has  been  measured 
at  low  temperatures  in  the  last  twenty  years  by  several  groups 
(Cheng  and  Sullivan  (1),  Yagi  (2),  Kawaji  (3),  Kawaguchi  (4), 
N.St.J.  Murphy,  F.Bcrz  and  I.  Flinn  (5,6)  and  P.  Balk  (7).  The 
results  have  been  explained  with  different  scattering  processes 
The  main  results  are: 

For  low  carrier  concentrations  the  coulomb  scattering  is  the 

dominant  process.  The  coulomb  centres  are  screcnd  (1,2)  by  the 

charge  carriers  and  the  mobility  increases  with  increasing 

carrier  concentration.  For  medium  carrier  concentration 
12  -2 

(  ~  10  cm  )  neutral  impurities  are  important  for  the 
scattering  process  (8) .  For  high  carrier  concentrations  the 
decrease  of  mobility  is  explained  with,  the  scattering  at  the 
atomic  roughness  of  the  interface  since  the  channel  becomes 
smaller  with  increasing  gate  voltage.  Theoretical  calculations 
of  J.R.  Schriefcr  (9),  F.  Stern  and  W.E.  Howard  (10)  and  Cheng 
(11)  support  qualitatively  and  quantitatively  the  influence  of 
the  atomic  roughness  on  carrier  mobility. 

Up  to  now  the  existence  of  steps  at  the  interface  could  be 
shown  with  TEM-measurements  (12,  13)  without  quantitative  deter¬ 
mination,  however.  The  aim  of  this  work  is  now  to  show  directly 
and  quantitatively  the  correlation  of  the  atomic  roughness  on 
an  atomic  scale  with  the  mobility  in  MOS-inversion  layers. 
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For  that  purpose  special  MOS-transistor  chips  were  designed. 
After  gate-oxidation  every  high  temperature  step  had  to  be 
.  voided  to  lave  a  wide  range  of  interface  roughness.  One  third 
of  the  chip  was  prepared  in  such  a  way,  that  this  region 
showed  only  the  ga te-oxidc .  Probes  were  cut  from  this  regions 
for  measuring  the  roughness  with  the  novel  SPA-1, HKD  method 
as  described  in  the  previous  report.  Nov;  we  report  the 
performing  of  MOh-dcviccs  with  a  well  defined  roughness  and 
showed  that  they  were  working  sufficiently. 
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l_l  .  Exp er  i  t  i  L 

1.  Production  of  the  MOS-struc turcs 

To  shew  the  influence  of  the  atomic  roughness  on  the  channel- 
mobility  i'Mi-tranr. ir.tor:;  with  known  roughness  hud  to  be 

built.  In  the  previous;  reports  the  oxidation  parameter  are 
given  to  obtain  a  email  or  large  roughness  at  the  interface. 

Each  handling  in  a  high  temperature  atmosphere  changes  the 
roughness.  Therefore  every  high  temperature  step  alter  the 
gate-oxidation  had  to  be  avoided.  For  measuring  Hall  mobility 
besides  source  and  drain  two  additional  Hall- contacts  are 
required,  p-channel  transistors  were  produced  on  n-substrates 
to  avoid  problems  with  a  zero  voltage  inversion  layer.  More¬ 
over  Shiploy-lac  has  been  used  bccing  a  positive  lac  techno¬ 
logy.  The  UV  exposed  places  were  etched  away.  For  simplicity 
the  concept  was  realized  with  only  throe  masks: 

Mask  1  (see  fig.  1):  This  mask  is  used  for  etching  those 
regions  in  the  oxide,  which  should  become  p-type  silicon  by 
ion- implantation . 

Mask  2  (sen  fig.  2):  After  the  gate-oxidation  this  mask  is 
used  to  open  windows  for  the  aluminum  contacts  to  p-type  sili¬ 
con  . 

Mask  3  (see  fig.  3):  After  aluminum  deposition  this  mask  is 
used  to  etch  away  the  metal  between  the  contacts. 

About  four  hundred  transistors  were  built  per  chip  (sec  fig. 4). 
One  third  of  the  chips  was  covered  always  during  processing, 
that  it  only  shows  the  gate-oxide  identical  to  that  of  the 
transistors.  From  this  reference  material  samples  for  the  LEED- 
measurements  were  prepared  and  the  atomic  roughness  of  the 
transistors  R  1  -  R  4  accordingly  to  those  reference  samples 
were  mcasuied  later  with  the  earlier  described  LEED-experimcnts . 
In  this  way,  we  received  transistors  with  an  exactly  measured 
roughness . 
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In  the  fol lowing ,  the  technology  to  built  a  MOS-transictor  is 
described  and  summarized  in  the  figure  (5): 

a)  Preparation  of  the  chips 

It  was  started  with  n-type  (5  -  10  52  cm)  ,  etch-polished, 

"3"  in  diameter  and  (111)  oriented  silicon  chips.  Those 
chips  were  reduced  by  etching  to  a  diameter  of  25  mm  needed 
for  the  technology.  Before  each  ‘step  in  processing  the 
chips  cleaned  according  to  the  following  standard  cleanig 
process : 

1.  Dipping  in  concentrated  nitric  acid  for  ten  minutes  in 
a  quartz  cup 

2.  Rinsing  in  bidistilled  U^O  (2x) 

3.  Boiling  in  nitric  acid  (60  5.)  (p.a.)  for  30  minutes 

in  a  quartz  cup 

4.  Boiling  in  bidistilled  n^O  (30  minutes) 

5.  Rinsing  in  bistillcd  H^O  (3x) 

Now  the  chips  w?ere  dried. 

b)  Ion-implantation 

To  receive  p-type  regions  of  high  doping  level  ion-implan¬ 
tation  technology  was  used.  As  a  mask  for  implantation  wc 
used  a  thermally  grown  thick  silicon-oxide  layer  of  about 
7000  X  (see  fig.  5,  step  a).  After  implantation  the  whole 
oxide  has  to  be  removed  by  etching  to  grow  then  the  gate- 
oxide,  but  an  exact  adjustment  of  the  second  mask  then  is 
impossible. 

Therefore  an  oxidation  only  for  adjustment  is  necessary. 

The  chips  were  oxidized  in  such  a  way,  that  after  etching 
of  the  windows  (source,  drain.  Hall-contacts)  an  oxide  of 
900  R  is  formed.  This  oxide  consumed  about  450  R  silicon. 
While  the  growth  of  the  thick  oxide  (7000  R)  is  negligible, 
we  receive  after  etching  of  the  oxide  regions  (source, 
drain) ,  which  were  down  to  a  level  of  about  450  R.  This 
step  could  be  se  m  untcr  the  microscope  and  an  adjunstment 
was  now  ,  _  r.i’  ... 
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In  a  first  attempt  the  chips  wore  doped  by  thermal  dif¬ 
fusion.  Hut  measurements  at  T  --  4.2  It  showed,  tlial  the 
doping  cciio.-ntralno;’  was  too  small,  so  that  all  carriers 
were  frozen  out  at  all  temperatures  below  T  =  50  K. 

Jn  consequence  the  very  high  resistivity  of  tin.-  contacts 
prevent*  ;i  successful  measurements  of  mobility. 

Now  the  technology  of  the  ion-.i  mplantat  Lon  was  used,  where 
the  concen tj  ation  of  ions  is  exactly  choosablo .  /t;  a  do¬ 
pant  boron  was  choosen.  The  results  of  F..J.  Morin  and 

J.P.  Malta  (14)  showed,  that  silicon  is  degenerate  at  a 

19  -  3 

boron  concentration  of  about  1,5-10  cm  .  Therefore 
this  concentration  is  sufficient .Further  it  had  to  be  con¬ 
sidered,  that  tiie  boron  ions  had  to  penetrate  the  oxide. 

After  the  implantation  the  whole  oxide  will  be  removed  by 
etching  and  the  folio-wing  gate  oxidation  of  about  1200  9 
oxide  will  need  600  9.  silicon,  "'hose  parameters  determine 
tiie  depth  of  tnc  maximum  of  the  boron  concentration  to 
about  1500  ?\,  requiring  an  energy  of  the  ions  of  about 
60  keV  (15,16).  The  implantation  was  performed  in  the 
"Fraunhofer  Institut  fur  Angewandte  Fe stkorperphysik" ,  Frei¬ 
burg  by  Dr.  Axrnann.  The  expected  profile  of  the  boron  con¬ 
centration  is  shown  in  the  figure  (6) .  The  implantation 

+  15-2 

parameters  wore:  B  -ions;  D  =  10  '  cm  I:  -  60  keV;  30  mi¬ 
nutes.  The  maximum  .is  at  Up  -  1403  9  with  a  A  Up  -  556 
After  the  implantation  all  samples  were  annealed  at  900°  C 
for  30  minutes  (16)  to  restore  the  ideal  lattice,  which 
was  damaged  by  the  ions. 

c)  Gate-oxidation  and  Al-contacting 

Nov/  the  oxide  of  all  chips  was  completely  etched  away.  All 
the  chij/s  v/cro  subjected  to  the  standard  cleaning  process. 
Then  the  gate-oxide  was  produced  with  the  following  oxidation 
parameters.  The  thickness  of  all  four  chips  was  about 


A 
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chip 

parameter  of  nate-oxidat J on 

R  1 

2  3/4  hours,  in  dry  0,,  at 

1000° 

R  2 

2  3/4  liours,  in  dry  O.,  at 

1 000° 

and  4  hours  annealed  in 

( loot) 

R  3 

9  minutes,  wet  at  1000°  C 

R  4 

9  minutes,  wet  at  1000°  C 

and  4  hours  annealed  in  R'^  (1000°  C) 

After  the  gate-oxidation  all  chips  were  evaporated  with  cleaned 

pure  aluminium ( 9 ,  9G  ")  in  a  diffusion  pu  aping  system.  Before 

aluminium  depositing  all  chips  were  dip'  etched  in  buffered  HF 

to  remove  the  native  oxide.  Then  about  200  nm  S  A1  was  depo- 
- 1  5 

sited  at  2  X  10  tori".  Now  the  third  mask-step  was  applied. 
After  etching  the  aluminium  in  80  ml  +  4  jr.l  (65  ■.) 

+  16  ml  H^O  and  annealing  the  chips  at  1140°  C  in  N .^atmo¬ 
sphere  for  ten  minutes  completes  NOS-felx  as  shewn  in  fig.  (3) 
and  (7)  were  obtained. 

d)  Testing,  scratching,  breaking,  alloying  and  bondig  of  the 
transistors 

The  function  of  the  described  transistors  wore  now  proved 
with  adjustable  tips  unter  a  microscope.  Of  about  400  tran¬ 
sistors  per  chip  v/orked  all  right  at  R  1  67.  ,  R2  7tv,  R  3  ‘KT-  an 

R  4  72  %.  The  gates  of  the  defect  transistors,  wore  marked 

with  a  tip  for  separation. 

Now  the  chips  were  scratched  with  a  diamond  and  broken  over 
an  edge,  so  that  each  piece  of  silicon  contains,  lour  well 
working  MOS-fots.  Nov;  those  silicon  pieces  wove  alloyed 
under  N^-atmosphere  at  370°  C  on  a  transistor  holder. 

Finally  4-5  transistors  were  bonded  unsing  go'd  contacts. 
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2.  Experimental  equipment  for  determining  the  character i  r»t ic 
curves  and  charge  carrier  mobility  at  low  temperatures 

All  measurements  at  lev;  temperature;;  v:or .  perforwd  in  a  cryo¬ 
stat  (Firma  Leybold)  ,  permitting  measurements  in  tin.-  temperature 
range  of  1.5  K  -  300  K.  Tnc  cryostat  was  used  as  a  Lath  cryo¬ 
stat.  An  exact  description  of  the  equipment  i: 

given  in  ref.  17  and  18.  The  temperature  could  be-  nw  a  cured  both 
with  a  vapour  pressure  thermometer  and  with  a  calibrated  ger¬ 
manium  resistor. 

The  transistor:;  were  mounted  on  the  sample  holder  at  the 
cryostat  and  then  cooled  to  the  wanted  ten;  eraturc. 

The  magnetic  field  was  produced  with,  a  water  cooled  electro¬ 
magnet  (Firma  Hrucker,  Vyp  E  10  D  8)  .  The  maximal  1  lux  density 
reached  with  the  magnet  was  about  G.G  T.  iv-cause  the  polarity 
could  be  reversed  the  Hall-voltage  war.  measure  d  aiwayr.  in  t'r.e 
two  directions  at  the  maximum  magnetic  field.  lr.  the  fig.  7 
the  electrical  circuit  is  shown.  The  conductance  and  Hall- 
measurements  wore  performed  at  a  homogeneous  channel.  This  is 
a  channel  in  which  the  change  of  the  mobility  and  density  along 
the  channel  could  be  neglected.  This  requirement  is  fulfilled 
for  a  source-drain  voltage  V^g  becing  small  in  relation  to  the 

gate-source  voltage  V  .It  was  measured  at  V__.  =  500  mV. 

gs  SD 

The  homogeneity  was  often  chocked  by  reduction  of  the  source- 
drain  voltage.  All  electric  data  of  the  transistors  were  measured 

DC. 
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HI.  r.,-s.:  1  i 

a)  llloctr  :  c  d.ocn  of  tin-  MOS- transistors 

The  £cu<;'  trail.::,  ter  '-hips  had  been  handled  all  in  the  same 
way  v/i::-.  w-'pi.ion  o:  ;r.o  cjute  o::idation.  1’°  show  the  working 
of  the  :  'i"s  thv  car  act  eristic  curves  were  measured  at 

various  t  •••::; -c  raturor. .  In  fig.  (8)  and  fig.  (9)  the  drain- 
current  as  a  function  of  the  source-drain  voltage  for  various 
gate  vol  l  age  is  shove,  for  all  four  samples  at  room  tempera¬ 
ture.  T’.-.y  .ill  show  the  typical  curves  for  MOS-FKY '  s .  The 
curves  of  R  <  shew  .in  caqjarison  to  R  3  as  well  as  R  2  to  R  1 
the  hif.rr  saturation  current. 

In  fig.  (10)  and  fig.  (11)  the  corresponding  measurements 
are  shown  for  the  lowest  temperature  at  T  -  4.2  K. 

R  4  in  comparison  to  R  3  as  well  as  R  2  to  R  1  have  again 
the  higher  saturation  current.  Further  move  the  saturation 
value  of  the  current  is  drastically  increased  in  reference 
to  room-  L  .>.'•■  raturc .  Also  the  break-down  voltage  is  reduced 
drastically  to  about.  20  V  (avalanche  break-down)  for  R  2 
and  R  4.  in  contrary  to  room- temperature  the  break-down  vol¬ 
tage  is  now  higher  ft  r  R  3  and  R  1. 

Fig.  (12)  and  (13)  show  the  saturation  drain  current  as  a 
function  of  the  gate-voltage  for  all  samples  for  T  -  4.2  K 
(fig.  12)  and  room-temperature  (fig.  13).  All  curves  show 
the  expected  quadratic  current  voltage  dependence.  Remark¬ 
able  is,  that  at  T  =  4.2  K  the  current  of  R  3  is  higher 
than  R  1  in  contrary  to  room- temperature . 

b)  Roughness  of  the  four  gate-oxidations  (R  1  -  R  4) 

As  described  in  the  prevics  reports  the  atomic  roughness  of 
the  gate  -oxides  were  determined  by  I.FRD  on  the  reference 
crystals  prepared  from  the  chips .  Those  measurements  were 
porforim  d  on  different  places  on  the  crystal.  The  error  bars 
of  the  calculated  step  atom  density  show  then  their  deviations. 


i ls  aro 


summarized  in  the  following  table  1 


oxidation  parameter  ste  p  atom  density/% 

dry,  at  1000°  C,  2  J/4  hours  ►  10,7  t  4,6 

dry,  as  1000°  C,  2  ^ / 4  hours  + 

4  hours  annealed  at  1000°  C ■ in  N2  8,1  ±0,9 

wet,  1  (-00°  C,  9  min  21,4  ±  1,8 

v;et,  1000°  C,  9  min  + 

4  hours  annealed  at  1000°  C  in  9,9  ±  1,7 
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IV. _ pi  ycuss  i  on 

The  results  (fig.  (7)  -  fig.  (13))  have  demons!  rated,  that  all 
transi.  :;t  ts  show  the:  usual  performance  down  to  liquid  helium. 
They  arc  all  of  the  p-channcl  type.  Their  gain  (0,1  -  0,5  m  A/V) 
is  small  duo  tc  tiie  wide  quadratic  gate. 

At  low  tonperaturc  (4.2  K)  all  transistors  show  a  higher  gain 
and  saturation  current,  because  the  phonon  scattering  ir  no 
more  present.  The  gate  break-dov/n  voltage  has  a  value  of  about 
50  -  60  V,  which  is  comparable  with  the  measurements  of  Fang 
and  Fov.  lor  (15). 


V.  Core 1  a: ;  i  on 

Nov;  for  the  first  time  it  will  be  possible  to  correlate  the 
mobility  with  the  atonic  roughness  at  the  interface  directely. 
'Those  results  will  received  in  the  next  step  performing  con¬ 
ductivity  and  Hall-effect  measurements.  First  preliminary 
measurements  give  direct  hints  to  the  expected  correlation. 

The  results  will  be  reported  after  completion  and  evaluation 
of  the  measurements. 
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Figuru  Captions 


Fig.  1  Mask  1  for  production  of  MOS-deviccs 

Fig.  2  Mask  2  "  "  "  " 

Fig.  3  Mask  3  "  "  "  " 

Fig.  4  Arrangement  of  transistbrs  (for  electrical 

measurements)  and  of  large  area  gate  oxide 
(for  roughness  determination) 

Fig.  5  Schematic  presentation  of  device  production 

with  3  masks 

Fig.  6  Profile  of  boron  after  implantation  (calculated) 

Fig.  7  Electrical  circuit  for  testing  the  device  and 

measuring  the  mobility 

Fig.  8  Ip/UsD  curves  f°r  transistors  R  1  and  R  2 

at  300  K 

Fig.  9  same  as  fig.  8  for  R  3  and  R  4 

Fig.  10  same  as  fig.  8  at  4  K 

Fig.  11  same  as  fig.  9  at  4  K 

Fig.  12  Ip  at  saturation  vs.  at  4  K 

Fig.  13  same  as  fig.  12  at  300  K 
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